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INTRODUCTION 
Acoustic microscopy has been used to measure material properties since the 1980s [1-
4]. The velocity of the leaky surface wave can be accurately determined from the V(z) 
curve which is formed by the interference between the leaky surface wave and specular 
reflection. By fitting the leaky wave velocity or the V(z) curve itself, Kim et al. [4] 
reconstructed the material properties (elastic constants and mass density). Another 
approach is time-resolved acoustic microscopy [5-8]. In this method, the leaky surface 
wave and the specular reflection are separated in the time domain and the velocity is 
determined from the time of flight. For a graphite/epoxy composite, due to the complexity 
ofthe reflected signal and the absence of Rayleigh wave excitation, it is impractical to 
determine material properties from the V(z) curve. In time-resolved acoustic microscopy, 
the different reflection signals are separated in the time domain and the velocity 
measurement is simplified. For graphite epoxy composite materials, due to their low 
density and significant fluid loading, the acoustic microscopy response is significantly 
different from that for higher density materials. To model the time domain acoustic 
microscopy response for a mutilayered composite, we applied the global matrix method in 
the form similar to that of Mal [9], thus avoiding the numerical instability at high 
frequency. 
THEORY 
Reflection signal in Time-Resolved Acoustic Microscopy 
Fig.l shows the configuration of a line focus transducer and an anisotropic 
mutilayered composite. The acoustic probe consists of a transducer and a cylindrical lens. 
The coupling fluid between the lens and specimen is usually water. The output voltage at 
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Figure 1. Configuration of a line focus transducer and a multilayered composite. 
different Zo (defocus) has been analyzed by ray and wave methods. A widely used equation 
can be written as [10] 
(1) 
where f(w) and p(e) are the frequency and angular responses of the transducer 
respectively. They are characteristic functions of the acoustic lens. R(e ,w) is the reflection 
coefficient. 
Wave Propagation in Mutilayered Composites 
Let us consider a composite plate, consisting of n arbitrarily oriented orthotropic layers 
stacked normally to the z-axis as illustrated in Fig.I. The displacement vector U and phase 
velocity of the plane waves can be determined from the Christoffel equation [11,12] 
(2) 
In multilayered media, the displacement in the mth layer can be written as 
J 
U =" (A +U+eik,(Z-Zm-,) + A-U-e-ik,(Z-Zm» )ei(k,x+wl) 
m ~ 11 n , (3) 
11 =1 
An represents the magnitude of the corresponding wave. The displacements and stresses on 
the upper surface of the mth layer, i.e. Z=Zm-J, can be obtained in the matrix form 
lOp 
ul U I -ulgl u2 -u2g 2 u J -uJgJ A + ., I 
u2 VI -vlgl v2 -v2g 2 v J - vJgJ A-I 
u3 WI wlgl w2 w2g 2 wJ wJ g 3 A+ 2 
= X:Am' (4) 
a J3 7;1 -7;lgl 7;2 -7;2g2 7;J - 7;3g3 £ 2 
all T21 T21 g 1 T22 T22 g 2 T23 T2J g 3 A+ J 
a 23 T31 T31 g 1 TJ2 ~2g2 T3J TJJ g 3 A-3 m 
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The displacements and stresses on the layer bottom surface, i.e. Z=Zm. can be written as 
bottom A+ U I ulgl -U I u2g 2 -U2 uJgJ -UJ I 
U2 vlgl -VI v2g 2 -V2 vJgJ -VJ A-I 
UJ wlgl WI w2g 2 W2 wJgJ WJ A+ 2 
= X~Am' (5) 
0' JJ 7;lgl -7;1 7;2g2 - 7;2 7;JgJ - 7;3 A-2 
0'13 T21 g 1 T21 T 22 g 2 T22 T 23 g 3 T 23 A+ 3 
0' 23 7;lgl T31 7;2g2 T32 T 33 g 3 7;3 £ m 3 
where u, v and ware the elements in the displacement vector U and Ti is the element in the 
stress vector. g m = eik:'(zm-zm-I) = eik:'hm , hm is the thickness of the mth layer. We consider a 
multilayered material immersed in fluid as shown in Fig.l. The displacements and stresses 
on the top and bottom surface can be related to the incident Ain , reflected R and transmitted 
Twave amplitudes by matrix X; and Xi respectively. Combining the requirements of the 
continuity of displacements and stresses at all the interfaces one can obtain 
X+ X;' R R Ain cose I 
X- X+ 0 AI AI 2 I 2 PICI 
X- X+ A2 A2 0 2 3 
X- 0 3 
=G , (6) 
0 X:_2 X:_I An_I An_I X:_I X+ An An 0 n 
X- X- T T 0 n I 
The reflection coefficient R can be obtained by solving this linear equation (6) using the 
Gaussian elimination method. Combining eq. (6) and (1), the output from time-resolved 
acoustic microscopy can be calculated. 
EXPERIMENT 
Two kinds of graphite/epoxy composite are used: one is a unidirectional and 
another is a multilayered composite which has stack sequence [O/-45/90/45hs. In our 
experiment, the specimen is put on a rotation table which is controlled by a computer. The 
reflection signal at different rotation angles and defocus Zo will be recorded by an 
oscilloscope. The line focus transducer has been developed at NIST and provided to us for 
the experiments. It has center frequency 6MHz, focus length 24.5mm and half aperture 
angle 32°. 
Unidirectional Composites 
Figure 2 presents the time domain signals at several rotation angles. We plot the 
time domain signal in Fig. 3 for all rotation angles. In general, these signals can be 
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included in three categories: 1. specular reflections which correspond to nonnal incident 
rays (LI and L2); 2. lateral waves which correspond to rays incident at critical angles (La); 
3. bulk wave reflection which correspond to rays focusing on the bottom surface ( 
LS2,SISJ,S IS2). The time delay of the specular reflection is detennined by C22• Therefore 
these signals (LI,L2) are almost independent of the rotation angle. Because the half aperture 
angle of our transducer is 32°, only the longitudinal lateral wave (La) has been observed 
and there are no surface waves. The time delay and amplitude of this lateral wave are 
significantly dependent on the rotation angle. As the rotation angle decreases from 90° to 
0°, the time delay decreases due to the longitudinal wave velocity along the surface 
decreasing. The appearance of the bulk wave reflected from the bottom surface is 
dependent on: 1. an incident angle at which the ray reflected from the plate bottom returns 
to the transducer; 2. the wave conversion coefficient between the incident and reflection 
rays being large. Therefore these signals are dependent on the rotation angle, defocus Zo 
and specimen thickness. SISI always appears at small rotation angles; LS2 appears at large 
rotation angles; SIS2 appears at middle rotation angles. 
Mutilayered Composites 
Figure 4 shows the time domain signals for different orientations of the specimen 
with sixteen different oriented layers with stack sequence [0/-45/90/45hs. This material is 
quasi-
isotropic in the plate plane at low frequency. As can be seen, the composite does not 
behave as an isotropic material for wave propagating obliquely to the plate nonnal in the 
plate cross 
section. There are multiple reflections at the interface between each layer and the reflected 
signals become much more complicated than those for unidirectional composites. The 
results show the model describe experimental observation well. 
Measurement of elastic constants from microscope reflection signature for unidirectional 
composite. 
As shown above, the time delay and the appearance of the signal depend on the 
experimental setup and material properties. When the characteristic functions f(w) and 
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Figure 2. Reflection signals at different rotation angles for the unidirectional composite 
plate with thickness h=0.24mm.The cylindrical transducer with PVDF film has center 
frequency 6MHz and focus length 24.5mm. 
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Figure 3. Gray scale representation of experimental and calculated reflection signals for all 
orientation (a: experiment, b: simulation). The signal amplitude is represented by the gray 
level in the polar coordinate system. The radial direction is time of flight. The sample and 
experiment parameters are the same as in Fig. 2. 
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Figure 4. Reflection signals for multilayered composite. 
P(O) of the transducer have been determined, the reflection signal will depend only on the 
material property R(O ,w) and the defocus zoo The defocus Zo can be easily determined by 
controlling the z motor movement. The unknown material properties can be found by 
minimizing the sum of the squares of the deviations between the experimental and 
calculated time delay 
(15) 
where t: is the measured time delay of the microscope pattern at rotation angle OJ with 
respect to the first surface reflection; t; is the same predicted by the model. e22 can be 
directly determined from the normal specular reflection en = (2d / ill)2 p, where ill is the 
time difference between signal L, and L2 as shown in fig .2 and p is the specimen density. 
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Figure 5. Fitting the time delay of the lateral wave. The time delay is measured from 
Fig.3a. 
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Table 1. Reconstructed elastic constants by different methods. 
C11(GPa) C22 C12 C55 C23 
(AM) Lateral wave 151.2 15.7 7.6 7.3 
(AM) Bulk wave 142 15.7 7.5 7.1 7.8 
Bulk double transmission 143.2 15.8 7.5 7.4 7.8 
Elastic Constant Measurement From Lateral Waves 
As discussed above, the time delay of the lateral wave depends on the rotation 
angle, i.e, the anisotropic property of the composite sample. Because the half aperture 
angle of our transducer is 32°, only the longitudinal lateral wave was observed. Because the 
longitudinal wave velocity is independent of C23 , only three elastic constants can be 
measured from the lateral wave time delay. Fig. 5 shows the experimental and theoretical 
time delay; the points are experimental time delays and the solid curves are time delays 
fitted by the model with corresponding reconstructed elastic constants as shown in the first 
line in Table 1. 
If one increases the half aperture angle, the shear lateral waves can be excited. 
Therefore, it is possible to measure all elastic properties using a large aperture angle 
transducer. 
Elastic Constants Determination From Back Reflections 
As shown in Fig.2, the appearance and time delay of the bulk wave reflected from 
the plate bottom depends on the rotation angle. The elastic constants can be determined 
from time delay for these bulk waves. In this reconstruction, we have to select a set of 
signals and rotation angles at which the amplitude of the signal will be large enough to be 
experimentally measured. The elastic constants measured from S I S2 and LS2 are shown in 
Table 1. The data shown in third row in Table 1 are measured by the double through 
transmission method [13] on the same sample. The results measured by the three methods 
have good consistence except for C ll . Because only the rotation angle from 60° to 90° has 
been used in lateral wave method, C II which is the property along the fiber direction may 
not be exactly reconstructed by this method. 
CONCLUSION 
The reflection signals from a time-resolved line focus transducer are significantly 
dependent on rotation angles and lens defocus. Due to the low density of graphite epoxy 
composites, the fluid loading has significant influence on reflection signature. The surface 
wave disappears and the amplitude of the lateral wave becomes larger. The time delay of 
the lateral and bulk waves reflected from bottom surface can be used in elastic constant 
determination. 
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